Although homologous recombination is considered an accurate form of DNA repair, genetics suggest that the Escherichia coli translesion DNA polymerase IV (Pol IV, also known as DinB) promotes error-prone recombination during stress, which allows cells to overcome adverse conditions. However, how Pol IV functions and is regulated during recombination under stress is unknown. We show that Pol IV is highly proficient in error-prone recombination and is preferentially recruited to displacement loops (D loops) at stress-induced concentrations in vitro. We also found that high-fidelity Pol II switches to exonuclease mode at D loops, which is stimulated by topological stress and reduced deoxyribonucleotide pool concentration during stationary phase. The exonuclease activity of Pol II enables it to compete with Pol IV, which probably suppresses error-prone recombination. These findings indicate that preferential D-loop extension by Pol IV facilitates error-prone recombination and explain how Pol II reduces such errors in vivo.
a r t i c l e s
Homologous recombination repairs double-strand breaks (DSBs) by directing replication to copy sequence information from a homologous donor (Fig. 1a) [1] [2] [3] [4] . For example, after formation of a DSB, nucleases resect the DNA, resulting in a 3′ single-stranded DNA (ssDNA) tail. RecA-type recombinases form a filament along the tail that facilitates strand invasion within a homologous donor DNA, resulting in a D loop. DNA polymerase then extends the 3′ end of the invading strand using the complementary strand within the donor DNA as a template, a process called recombination-directed replication (RDR) or D-loop extension. Recombination intermediates are then further processed to form Holliday junctions, which are resolved by endonucleases.
The accuracy of homologous recombination, which is widely considered to be high, is dependent on the fidelity of RDR. Although high-fidelity replicative polymerases predominantly perform RDR [5] [6] [7] [8] , mounting evidence indicates that low-fidelity translesion polymerases also carry out this function, suggesting that homologous recombination is error prone. For example, previous studies in eukaryotes, including humans, yeast, chickens, frogs and flies, have indicated that low-fidelity translesion polymerases η, ν, θ and ζ contribute to RDR, which probably promotes mutagenesis [9] [10] [11] [12] [13] [14] [15] . Moreover, recent evidence from Drosophila melanogaster suggests that translesion polymerases compete with replicative polymerases during homologous recombination 10 . Although translesion polymerases are widely known to promote replication past lesions in DNA, it is becoming clear that these low-fidelity enzymes function during homologous recombination in various organisms and therefore may have been selected to perform RDR in all domains of life.
In E. coli, several years of genetic studies have suggested that the Y-family translesion Pol IV (DinB) promotes error-prone homologous recombination in the form of mutations during stress specifically [16] [17] [18] [19] [20] . Such error-prone recombination allows E. coli to rapidly evolve and overcome stressful conditions, including nutritional starvation and exposure to antibiotics 16, 19 . Pol IV-induced recombination errors are therefore also referred to as stress-induced or adaptive mutations. Our current knowledge of Pol IV involvement in error-prone homologous recombination is based mostly on genetic data. For example, previous genetic studies have demonstrated that Pol IV-induced mutations are targeted to regions of DSBs and require SOS-induced levels of Pol IV (~2,500 molecules per cell), recombination factors (RecA, RecBCD and RuvABC) and the RpoS stress response, which further upregulates Pol IV (~100%) and downregulates mismatch repair 16, 17, 19, 21, 22 . Current models based on these findings propose that Pol IV promotes mutations near D loops during homologous recombination under stress 17, 20 . Yet clear evidence for Pol IV RDR activity, which is outside its normal role in translesion synthesis, has never been demonstrated. Furthermore, how Pol IV is recruited, regulated and competes with other polymerases during homologous recombination under stress remains unclear. Here we sought to provide mechanistic insight into the activity and regulation of Pol IV during homologous recombination under stress.
RESULTS

Pol IV is proficient and error prone in RDR
We used a biochemical approach to investigate the activity and regulation of Pol IV in RDR (D-loop extension) (Fig. 1b) . The results demonstrated a r t i c l e s that Pol IV promotes RDR (Fig. 1c, lanes 1-4) , which requires Pol IV and RecA (Fig. 1d) . In contrast, the related Y-family Pol V (UmuD′ 2 C) did not perform RDR under identical conditions (Fig. 1c, lanes 5-8) . The inability of Pol V to promote RDR was surprising to us, as its activity requires RecA filaments in trans, which are present in excess, as indicated by the free ssDNA (Fig. 1c, lower band) 23 . Nevertheless, we repeated the reaction with Pol V but added more than twice the amount of RecA along with increasing concentrations of unlabeled heterologous trans ssDNA, which can not form a D loop. Pol V still did not promote RDR (Fig. 1e) . As a positive control, we demonstrated that the same amount of Pol V extends a simple primer template that requires ssDNA and RecA in trans, as shown previously (Fig. 1f) 23 . Considering that Pol V has a small role in promoting stress-induced mutations during recombination, additional factors may be needed to stimulate its activity at D loops 24 . 
npg a r t i c l e s
We next examined whether the replication cofactor β, which confers processivity onto polymerases, is required for Pol IV RDR activity. We used a relatively high ratio of polymerase to D loop that we based on approximate conditions in SOS-induced cells ( Table 1) . For example, Pol IV is highly upregulated (~10 1 ) by the SOS response to ~2,500 molecules per cell, making it the most abundant DNA polymerase in stressed cells ( Table 1) 25, 26 . Because the average number of DSBs leading to D loops in stressed cells is unknown, it is difficult to model in vitro. We therefore used an approximation of four DSBs per cell, as previous estimates have suggested that each chromosome incurs a break, and E. coli contains four chromosomes in rich medium 2, 27, 28 . Because DSBs result in two DNA ends capable of forming D loops, this results in a polymerase-to-DNA end ratio of 312.5:1 for Pol IV ( Table 1 ). Considering that SOS-induced cells may contain fewer than four DSBs, this ratio may under represent the amount of Pol IV relative to D loops. Nevertheless, using these relative amounts, which take into account the approximate concentration of D loops formed in our assay ( Supplementary Fig. 1 ), we showed that Pol IV is able to promote RDR in the absence of β (Fig. 1g, left) , even under conditions of high ionic strength (Fig. 1g, right) . This result was unexpected to us and is in contrast to previous biochemical studies of yeast proteins that have demonstrated that proliferating-cell nuclear antigen (PCNA), the eukaryotic equivalent of β, is required for RDR by replicative Pol δ and translesion Pol η 11 . Our results suggest that Pol IV may not require β for its involvement in RDR because of its abundance in stressed cells.
We next investigated the ability of Pol IV to promote mutations at D loops, which is thought to be the central mechanism of error-prone recombination. To our knowledge, the fidelity of polymerases on D loops has not previously been investigated in vitro. As a control, we first examined the fidelity of Pol IV on a primer template that resembles the DNA substrate used during translesion synthesis. The results showed that Pol IV strongly discriminates against incorporating incorrect nucleotides on a primer template (Fig. 1h, left) . In contrast, Pol IV showed a high efficiency of nucleotide misincorporation on a D loop under similar conditions and sequence contexts, as in the previous experiment with the primer template (Fig. 1h , compare right and left gels). Pol IV also seems to be more prone to mismatch extension on the D loop (Fig. 1h, right) . These data suggest that RDR may be inherently error prone. Alternatively, as RecA interacts with Pol IV and collaborates with UmuD to modulate the fidelity of the polymerase, the recombinase may reduce the accuracy of Pol IV on the D loop 29 .
Considering that genetic data strongly implicate Pol IV in promoting mutations during DSB repair under stress, our observation of Pol IV mutagenic activity on a D loop provides the molecular basis for its involvement in stress-induced mutagenesis. A comparison of Pol IV activity on D loops with different sequences suggested that the polymerase preferentially misincorporates the nucleotide that is complementary to the +2 template base, which is located two positions downstream from the 3′ end of the invading ssDNA (compare Fig. 1h , right and Fig. 1i ). For example, Pol IV preferentially misincorporated deoxycytidine monophosphate (dCMP), which is complementary to the +2 template base guanosine (Fig. 1h, right) . In contrast, deoxyguanosine monophosphate (dGMP) is preferentially misincorporated when cytosine is the +2 template base (Fig. 1i) . Previous biochemical studies have shown that Pol IV is able to 'skip over' the correct template base, facilitating a −1 frameshift mutation 30 . The ability of Pol IV to promote −1 frameshifts has been widely used to detect its activity in error-prone recombination 16, 18, 19 . Consistent with these previous studies, we showed that Pol IV is capable of promoting a −1 frameshift on a D loop (Fig. 1j) . Notably, Pol IV-induced mutations probably go unrepaired during stationary phase, when mismatch repair is deficient 16, 19 . These data demonstrate that Pol IV is highly proficient in error-prone RDR, providing mechanistic insight into its role in stress-induced mutagenesis 18 .
Mechanism of Pol IV recruitment to D loops
Given that the replisome performs RDR in unstressed proliferating cells, an important consideration is how Pol IV gains access to D loops during stress 5 . As SOS concentrations of Pol IV are required for its role in error-prone recombination, we reasoned that upregulation of the polymerase might facilitate its recruitment to D loops 31 . For example, polymerase access to D loops in proliferating cells is prevented by the primosomal protein PriA, which binds tightly to D loops, where it recruits other primosomal proteins to assemble the replisome during RDR (Fig. 2a, left) 32 . Consistent with previous studies, PriA inhibited D-loop extension by replicative Pol III (Fig. 2a, right) 32 . Similarly, concentrations of PriA corresponding to known amounts in the cell (~70 molecules per cell 33 ) suppressed RDR by Pol IV at levels corresponding to those in nonstressed cells (~250 molecules per cell 25, 26 ) (Fig. 2b, left gel) . In contrast, PriA only slightly inhibited D-loop extension by Pol IV when the polymerase was added at levels comparable to stress-induced concentrations (~2,500 molecules per cell; Fig. 2b, right gel) . This indicates that Pol IV outcompetes PriA at D loops during stress (Fig. 2b, right schematic) . We found similar preferential RDR activity by Pol IV in the presence of RuvAB, which also binds tightly to D loops and promotes stress-induced mutations (Supplementary Fig. 2 ) 16 . We further found that levels of Pol IV comparable to those in SOS-induced cells promote RDR in the presence of all the primosomal and replisome components and supersede Fig. 3 ).
Together these results indicate that Pol IV gains access to D loops and overrides the primosome-dependent RDR machinery during stress.
D loop-dependent stimulation of Pol II exonuclease activity
Genetic data suggest that translesion Pol II also has a role in RDR during growth-limiting conditions 20, 34, 35 . Similarly to Pol IV, Pol II is upregulated during stress (~350 molecules per cell; Table 1 (ref. 36) ) and is considered a translesion polymerase because of its ability to promote replication past certain lesions 26 . However, unlike Pol IV, which is a Y-family DNA polymerase that shows low-fidelity DNA synthesis, Pol II is among the B family of polymerases that show high-fidelity DNA synthesis and exonuclease activities. Pol II therefore has characteristics similar to eukaryotic replicative Pol δ and Pol ε, which are also B-family members. Interestingly, genetic studies have indicated that the exonuclease domain of Pol II suppresses stress-induced mutations 35 . Considering that Pol IV promotes the majority of stressinduced mutations, this suggests that Pol II may regulate Pol IV activity during RDR by competing with and proofreading Pol IV errors.
We next investigated whether Pol II performs RDR (Fig. 3) . We found that although Pol II initially extends the D loop, the reaction is subsequently reversed, presumably because of the enzyme's 3′→5′ exonuclease activity (Fig. 3a, left) . Indeed, the reverse reaction was not performed by a previously characterized mutant version of Pol II (D155A E157A) that is deficient in exonuclease activity (Fig. 3a,  right) 37 . Such constant exonuclease activity by a DNA polymerase is unprecedented considering that the reaction was performed with a saturating deoxyribonucleotide (dNTP) concentration (50 µM) that exceeds the enzyme's K m for dNTPs (3.7 µM) 38 . Given that dNTP pools are reduced to similar concentrations (~35-50 µM) during stationary phase 39 and concentrations of Pol II corresponding to SOS conditions gain access to D loops in the presence of PriA (Supplementary Fig. 4) , the observed phenomenon is probably relevant to Pol II activity in stressed cells and thus warranted further investigation.
We hypothesized that the exonuclease domain of Pol II is stimulated as a result of the inhibition of forward movement by topological constraint in the DNA generated by positive supercoils during D-loop extension. Consistent with this notion, we demonstrated that wild-type (WT) and exonuclease-deficient Pol II act similarly on a linear double-stranded DNA (dsDNA) template and a circular primer template, indicating that the observed exonuclease activity is specific to D loops (Fig. 3b) . Our hypothesis was further supported by the effects of gyrase, which removes positive supercoils in DNA and suppressed the reverse reaction (Fig. 3c) ; this effect seemed to be due to a slight delay in Pol II exonuclease activity (Supplementary Fig. 5) . These results support a model in which superhelical tension generated during D-loop extension promotes the reverse translocation and exonuclease function of Pol II, facilitating a switch to a highly active exonuclease mode (Fig. 3d) . This model is supported by biophysical studies demonstrating that mechanical tension on the DNA template stimulates proofreading by bacteriophage phi29 polymerase 40 . We further found that reducing the dNTP pool concentration to 10 µM facilitated the reverse reaction (compare Fig. 3e with Fig. 3a, left) , whereas increasing the dNTP pool concentration to 100 µM, which reflects the conditions in proliferating cells, either during (Fig. 3f) or before (Fig. 3g) the reaction prevented Pol II from switching to exonuclease mode during the same timecourse 39 . These findings suggest that the enzyme's K m for dNTPs is increased under conditions of opposing force (superhelical tension).
We next compared RDR by WT and exonuclease-deficient Pol III to determine whether this exonuclease activity is specific to Pol II. We used similar conditions to those with Pol II (50 µM dNTPs); however, we substituted the γ subunit of the clamp loader with a τ subunit, which specifically binds to Pol III and facilitates its recruitment to DNA; τ is the full-length version of γ, which is truncated due to a translational frameshift 41 . The results showed that exonucleasedeficient Pol III extends D loops further than WT Pol III (Fig. 3h) but acts the same as WT Pol III on a primer template (Fig. 3i) and within the replisome (Fig. 3j) . Hence, the exonuclease domain of Pol III was also activated at D loops. However, only Pol II had the ability to reverse the D-loop extension reaction, which we attribute to its highly active exonuclease domain compared to that of Pol III (Fig. 3k) .
Pol II requires exonuclease activity to compete with Pol IV
We next examined competition between Pol II and Pol IV by performing RDR in the presence of both enzymes using their relative concentrations in SOS-induced cells ( Table 1) . As each polymerase produced a distinct product, we were able to determine which enzyme acts dominantly. The results showed that Pol IV competes with Pol II (Fig. 4a, left, compare  lanes 7-9 to lanes 1-3 and 4-6 ). Further reduction of the dNTP pool concentration (10 µM) enhanced the activity of Pol IV compared to that of Pol II (Fig. 4a, right) . Because the exonuclease function of Pol II reduces (~83%) stress-induced mutations in vivo 35 , we investigated whether the exonuclease activity of Pol II affects its ability to compete with Pol IV. To test this idea, we examined competition between exonuclease-deficient Pol II and Pol IV during RDR. The different D-loop extension products indicated that exonuclease-deficient Pol II does not compete effectively with Pol IV (Fig. 4b , compare lanes 7-9 to lanes 1-3 and 4-6 in both blots). Considering that similar products were generated at a dNTP concentration of 50 µM, we further resolved the polymerases' products, which unequivocally showed that exonuclease-deficient Pol II is unable to effectively compete with Pol IV (Fig. 4c) . These results were in contrast to those for WT Pol II, which competes with Pol IV (Fig. 4a) . Thus, these data demonstrate the finding that Pol II requires a functional exonuclease domain to compete with Pol IV and thus regulate error-prone RDR.
Notably, the concentration of Pol IV is further upregulated ~100% (to ~5,000 molecules per cell) by the RpoS general stress response in stationary-phase cells 17, 20 . However, whether this increase in Pol IV expression contributes to its activity at D loops is unknown. We found that increasing the relative levels of Pol IV by 100% enabled Pol IV to further compete with Pol II, as indicated by a marked reduction in net exonuclease activity at D loops (compare Fig. 5 with Fig. 4a) . Considering that Pol IV outcompeted Pol II, the Pol III replisome (Supplementary Fig. 3 ) and Pol I (Supplementary Fig. 6 ), which is the second most abundant polymerase in stressed cells (~400 molecules per cell 42 ), our data suggest that Pol IV has a major role in RDR during stress that probably facilitates adaptive evolution.
DISCUSSION
Models based on genetics have long proposed a role for Pol IV in error-prone RDR in growth-limited cells as the mechanism of stressinduced mutagenesis, also known as error-prone recombination 16, 17, 19 . Genetics also implicate Pol IV in RDR during replication restart 43 .
However, in vitro evidence supporting Pol IV RDR activity has been lacking. This report verifies the ability of Pol IV to promote RDR in a reconstituted assay, which, in conjunction with previous genetics data, establishes a new DNA repair function for this enzyme. Our data further show that Pol IV is efficient in misincorporation and mismatch extension during D-loop extension, consistent with its ability to generate mutations during homologous recombination in stressed cells. The high proficiency of Pol IV in error-prone RDR and its abundance in growth-limited cells (~5,000 molecules per cell 17, 20 ) provide an explanation of why this enzyme is responsible for the majority of (85%) stress-induced mutations 18 .
Notably, we found that Pol IV is considerably more error prone on a D loop compared to on a primer template (Fig. 1h) . We suspect that the DNA structure or RecA, which are unique to the D-loop extension reaction, contribute to the reduced fidelity of Pol IV. Previous studies showed that RecA interacts with Pol IV and collaborates with UmuD to modulate the fidelity of the polymerase 29 . Thus, RecA binding to Pol IV could conceivably reduce its ability to discriminate against incorrect nucleotides during RDR. Alternatively, the dynamic structure of the D loop may affect the fidelity of Pol IV. For example, RecA-mediated D loops are unstable because of the ability of the recombinase to promote dissociation of the invading strand 44 . Thus, the inherent instability of the D loop may compromise the fidelity of all polymerases. This would indicate that RDR is inherently error prone. However, considering that error-prone recombination has not been observed in proliferating E. coli cells, other factors may be needed to promote high-fidelity RDR. For example, mismatch repair proteins that ensure accurate recombination and replication may prevent error-prone RDR in the absence of stress. Consistent with this, suppression of mismatch repair during stationary phase is thought to contribute to error-prone recombination 18 . Further studies are needed to determine what reduces the accuracy of Pol IV at D loops, whether this phenomenon is universal for all polymerases and whether other factors promote high-fidelity RDR.
Genetic studies have shown that SOS-induced levels of Pol IV are necessary for its involvement in error-prone recombination 31 . This suggests that upregulation of Pol IV promotes its RDR activity. In line with the previous genetics data, we have demonstrated that SOS-induced concentrations of Pol IV facilitate its recruitment to D loops (Fig. 2) . For example, at concentrations corresponding to nonstressed conditions, PriA, which facilitates replisome assembly at D loops, blocked Pol IV RDR activity for the most part. Yet at concentrations corresponding to stressed-induced conditions, Pol IV outcompeted PriA at D loops. We further found that Pol IV outcompeted Pol I (Supplementary Fig. 6 ), Pol II (Fig. 5) and the Pol III replisome (Supplementary Fig. 3 ) at polymerase concentrations relevant to stressed-induced cells. Although previous genetics data have implied competition between Pol IV and these other polymerases 20 , our data suggest that Pol IV is preferentially recruited to D loops under stress-induced conditions, probably facilitating errorprone recombination.
Previous in vivo studies have shown that the exonuclease domain of Pol II reduces (~83%) stress-induced mutations by an unknown mechanism 35 . In an effort to elucidate this regulatory function of Pol II, we examined its activity and ability to compete with Pol IV during RDR. We found that the exonuclease activity of Pol II is markedly stimulated during D-loop extension, even at saturating dNTP concentrations (~50 µM) (Fig. 3) . This D loop-dependent stimulation causes Pol II to switch to an active exonuclease mode during RDR, which is promoted by topological stress (positive supercoils) and reduced dNTP pool concentrations during stationary phase (Fig. 3) . 
npg a r t i c l e s
Although gyrase reduces positive supercoils in DNA, we found that the topoisomerase only delays the exonuclease mode of Pol II in our assay (Supplementary Fig. 5 ). This suggests that the exonuclease activity of Pol II may be similarly stimulated at D loops in vivo.
We also found that the exonuclease activity of Pol II enables it to compete with Pol IV at D loops (Fig. 4) . Although Pol II is capable of promoting a small fraction of stress-induced mutations 20, 34 , it performs high-fidelity DNA synthesis compared to Pol IV. Thus, the ability of exonuclease-proficient Pol II to compete with Pol IV and presumably correct Pol IV errors provides an explanation of why the exonuclease domain of Pol II suppresses stress-induced mutations in vivo.
Cellular studies have demonstrated that both the SOS and RpoS stress responses are necessary for Pol IV involvement in error-prone recombination 17 . Upregulation of Pol IV (to ~2,500 molecules per cell) by the SOS response is thought to be the sole role of this stress response in error-prone recombination 31 . Consistent with this, we have demonstrated that levels of Pol IV corresponding to those in SOS-induced cells facilitate its recruitment to D loops (Fig. 2) . However, how the RpoS stress response, which is activated during growth-limiting conditions, contributes to Pol IV RDR activity has remained unclear. We showed that an additional 100% increase in Pol IV levels, as is observed during the RpoS stress response, enables Pol IV to outcompete Pol II, resulting in a net reduction in D-loop resection by Pol II (Fig. 5) 17 . Thus, our findings indicate that upregulation of Pol IV by the RpoS response contributes to its role in error-prone RDR. The RpoS stress response may, however, elicit other factors or processes that facilitate Pol IV involvement in RDR. For example, the possibility exists that Pol IV undergoes posttranslational modifications that promote its RDR activity.
This report provides insight into the mechanism and regulation of error-prone recombination during stress (Fig. 6) . Our data suggest that Pol IV has a dominant role in RDR during stress that is caused by its upregulation by the SOS and RpoS responses. Preferential D-loop extension by Pol IV during stress probably facilitates error-prone RDR, which allows E. coli to rapidly evolve and overcome adverse environmental conditions such as exposure to antibiotics 16, 19 . We propose that Pol IV RDR errors are suppressed by Pol II through its active exonuclease domain, enabling it to compete with Pol IV and delete Pol IV errors by partially resecting the extended D loop. However, because Pol IV is highly abundant in stressed cells, it probably regains access to the D loop by displacing Pol II from DNA. This model supports a dynamic interplay among translesion polymerases at D loops during stress and explains how the exonuclease domain of Pol II reduces stress-induced mutations in vivo 35 .
METHODS
Methods and any associated references are available in the online version of the paper. 
